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We show that the preliminary data of pT spectra of Ω
− and those of φ at midrapidity in inelastic
events in pp collisions at
√
s = 13 TeV exhibit a property of constituent quark number scaling, which
is a clear signal of quark combination mechanism at hadronization. We use a quark combination
model under equal velocity combination approximation to systematically study the production of
identified hadrons in pp collisions at
√
s= 13 TeV. The midrapidity data of pT spectra of proton, Λ,
Ξ−, Ω−, φ and K∗ in inelastic events are well fitted by the model and the pT spectrum of strange
quark and that of up/down quarks at hadronization are extracted. The strong pT dependence for
data of p/φ ratio is well explained by the model, which suggests that the production of two hadrons
with similar masses is determined by their quark contents instead of their masses as in statistical
model. Using preliminary data of proton and φ, pT spectra of other identified hadrons in different
multiplicity classes in pp collisions at
√
s = 13 TeV are predicted. The preliminary data of yield ratios
Λ/pi, Ξ−/pi and Ω−/pi as the function of midrapidity density of charged particle multiplicity show
a strangeness-related hierarchy and are naturally understood by quark combination mechanism.
I. INTRODUCTION
Most of hadrons produced in high energy collisions
are of relatively low (transverse) momentum perpendic-
ular to beam axis. Production of soft hadrons is mainly
driven by soft QCD process and, in particular, non-
perturbative hadronization. Experimental and theoreti-
cal studies of soft hadron production are important to un-
derstand the property of the soft parton system created
in collisions and test/develop existing phenomenological
models. Heavy ion physics at SPS, RHIC and LHC en-
ergies show the creation of quark gluon plasma (QGP)
in early stage of collisions. In elementary pp and/or pp¯
collisions, it is usually presumed that QGP is not cre-
ated, at least up to RHIC energies. However, recent
measurements at LHC energies show a series of highlights
of hadron production in pp collisions such as ridge and
collectivity behaviors [1–3], the increased baryon/meson
ratio and the increased strangeness [4–6]. Theoretical
studies of these new phenomena mainly focus on how to
build the new feature of small parton system relating to
these observations by considering different mechanisms
such as the color re-connection, string overlap and/or
color rope [7–10], or by considering the creation of mini-
QGP or phase transition [11–16], etc.
In our latest works [17–21], we propose a new under-
standing of new features of hadron production (mainly of
pT spectrum and yield) for the small quark/parton sys-
tems created in pp and/or p-Pb collisions at LHC energy,
that is, the change of hadronization mechanism from the
traditional fragmentation to the quark (re-)combination.
In quark (re-)combination mechanism (QCM), there ex-
ists some typical behaviors for the production of identi-
fied hadrons such as the enhanced baryon/meson ratio
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and quark number scaling of hadron elliptical flow at in-
termediate pT . These behaviors are already observed in
relativistic heavy ion collisions [22–24] and, recently, are
also observed in pp and p-Pb collisions at LHC energies
in high multiplicity classes [3, 4, 6, 25]. In particular,
a quark number scaling property for hadron transverse
momentum spectra is firstly observed in p−Pb collisions
at
√
sNN = 5.02 TeV [17].
Recently, ALICE collaboration reports the data of
pT spectra of identified hadrons in different multiplicity
classes in pp collisions at
√
s = 7 TeV [26] and the prelim-
inary data in inelastic events in pp collisions at
√
s = 13
TeV [27]. Here, we find, with a great exciting, a clear sig-
nal of quark number scaling property. Considering the
production of baryon Ω− (sss) and meson φ (ss¯), their
momentum distribution functions f (pT ) ≡ dN/dpT in
QCM under equal velocity combination approximation
read as
fΩ (pT ) = κΩ
[
fs
(pT
3
)]3
, (1)
fφ (pT ) = κφfs
(pT
2
)
fs¯
(pT
2
)
= κφ
[
fs
(pT
2
)]2
. (2)
Here, κφ, κΩ are coefficients independent of momentum.
fs,s¯ (pT ) is s (s¯) quark distribution at hadronization and
we assume fs (pT ) = fs¯ (pT ) in the center rapidity region
at LHC energies. With above two formulas, we get a
production correlation between Ω− and φ in QCM
f
1/2
φ (2pT ) = κφ,Ωf
1/3
Ω (3pT ) = κ
1/2
φ fs (pT ) , (3)
where κφ,Ω = κ
1/2
φ /κ
1/3
Ω is independent of momentum.
In order to show this scaling property, we take follow-
ing operation on the the dN/dpTdy data of Ω and φ at
midrapidity [26]: (i) divide the pT bin of Ω
−(φ) by 3
(2) and (ii) take the 1/3 (1/2) power of the measured
dN/dpTdy for Ω
−(φ), and (iii) multiply (dNΩ/dpTdy)
1/3
by a constant factor κφ,Ω so that it is consistent with
the scaled data of φ in magnitude. We show in Fig.1 the
2results in different multiplicity classes in pp collisions at√
s = 7 TeV. We see that in the high multiplicity classes,
e.g., Fig.1(a), the scaled data of Ω− is consistent very
well with those of φ, and therefore the quark number
scaling property holds well. This is a clear signal (direct
evidence) of quark combination hadronization in pp col-
lisions at LHC. In the low multiplicity classes, Fig. 1(c)
and (d), the scaled data of Ω− are somewhat flatter than
that of φ as pT & 1 GeV/c and the quark number scal-
ing property is broken to a certain extent. We note that
this is probably due to the threshold of strange quark
production [21].
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Figure 1. The scaling property for the dN/dpTdy data of Ω
−
and φ at midrapidity in different multiplicity classes in pp col-
lisions at
√
s = 7 TeV. The coefficient κφ,Ω in four multiplic-
ity classes is taken to be (1.76, 1.82, 1.83, 1.93), respectively.
Data of Ω− and φ are taken from Ref.[26].
In Fig. 2, we show the scaled data of Ω− and φ in pp
collisions at
√
s = 7 and 13 TeV [26–29] as a guide of
energy dependence. We see that the quark number scal-
ing property in inelastic events (summation of different
multiplicity classes) in pp collisions at
√
s = 7 TeV is bro-
ken to a certain extent but it is well fulfilled in inelastic
events in pp collisions at
√
s = 13 TeV. This suggests that
the quark combination hadronization is more applicable
at higher collision energies. Therefore, in this paper, we
systematically study the pT distributions and yields of
identified hadrons in pp collisions at
√
s = 13 TeV to
further test the quark combination hadronization in pp
collisions at LHC energies.
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Figure 2. The scaling property for the dN/dpTdy data of Ω
−
and φ at midrapidity in inelastic events in pp collisions at√
s = 7 and 13 TeV. The coefficient κφ,Ω is taken to be (2.0,
1.5), respectively. Data of Ω− and φ are taken from Refs.
[26, 27].
The paper is organized as follows: Sec. II briefly intro-
duces a working model of quark (re)combination mecha-
nism under equal combination approximation. Sect. III
and Sec. IV present our results and relevant discussions
in minimum-bias events and different multiplicity classes,
respectively. A summary is given at last in Sec. V.
II. QUARK COMBINATION MODEL UNDER
EQUAL VELOCITY COMBINATION
APPROXIMATION
Quark (re-)combination/coalescence mechanism was
proposed in 1970s [30] and has many applications both
in elementary e−e+, pp and heavy-ion collisions [31–37].
In particular, ultra-relativistic heavy ion collisions create
the deconfined hot quark matter of large volume whose
microscopic hadronization process can be described by
QCM naturally [38–43]. In this section, we briefly in-
troduce a working model proposed in previous works
[17, 21] within QCM framework under the equal veloc-
ity combination approximation. We take the constituent
quarks and antiquarks as the effective degrees of free-
doms of the soft parton system created in collisions just
at hadronization. The combination of these constituent
quarks and antiquarks with equal velocity forms the iden-
tified baryons and/or mesons.
A. momentum distributions and yields of identified
hadrons
The momentum distributions of identified baryon and
meson read as
fBi (pB) = NBi f
(n)
Bi
(pB) , (4)
fMi (pM ) = NMi f
(n)
Mi
(pM ) , (5)
where superscript (n) denotes the distribution is normal-
ized to one and NBi (NMi) is the momentum-integrated
multiplicity. Under the equal velocity combination ap-
proximation, or called comoving approximation, we have
3, for Bi(q1q2q3)
f
(n)
Bi
(pB) = ABi f
(n)
q1 (x1pB) f
(n)
q2 (x2pB) f
(n)
q3 (x3pB) ,
(6)
and for Mi (q1q¯2)
f
(n)
Mi
(pM ) = AMif
(n)
q1 (x1pM ) f
(n)
q¯2 (x2pM ) , (7)
where f
(n)
q (p) ≡ dnq/dp is the momentum distribution
of quarks normalized to one. A−1Bi =
∫
dp
∏3
i=1 f
(n)
qi (xip)
and A−1Mi =
∫
dpf
(n)
q1 (x1p) f
(n)
q¯2 (x2p) are normalization
coefficients for baryon Bi and Mi, respectively. Mo-
mentum fractions x are given by recalling momentum
p = mγv ∝ m,
xi = mi/
∑
j
mj , (8)
where indexes take i, j = 1, 2, 3 for baryon and i, j = 1, 2
for meson. Quark masses are taken to be constituent
masses ms = 500 MeV and mu = md = 330 MeV.
Multiplicities of baryon and meson
NBi = Nq1q2q3Pq1q2q3→Bi , (9)
NMi = Nq1 q¯2Pq1 q¯2→Mi . (10)
Here Nq1q2q3 is the number of all possible three
quark combinations relating to Bi formation and
is taken to be 6Nq1Nq2Nq3 , 3Nq1 (Nq1 − 1)Nq2 and
Nq1 (Nq1 − 1) (Nq1 − 2) for cases of three different fla-
vors, two identical flavor and three identical flavor, re-
spectively. Factors 6 and 3 are numbers of permutation
relating to different quark flavors. Nq1 q¯2 = Nq1Nq¯2 is the
number of all possible q1q¯2 pairs relating to Mi forma-
tion.
Considering the flavor independence of strong inter-
action, we assume the probability of q1q2q3 forming a
baryon and the probability of q1q¯2 forming a meson are
flavor independent, the combination probability can be
determined with a few parameters
Pq1q2q3→Bi = CBi
NB
Nqqq
, (11)
Pq1 q¯2→Mi = CMi
NM
Nqq¯
. (12)
Here NB/Nqqq denotes the average (or flavor blinding)
probability of three quarks combining into a baryon.
NB is the average number of total baryons and Nqqq =
Nq(Nq − 1)(Nq − 2) is the number of all possible three
quark combinations with Nq =
∑
f Nf the total quark
number. CBi is the probability of selecting the correct
discrete quantum number such as spin relating to Bi as
q1q2q3 is destined to form a baryon. Similarly, NM/Nqq¯
approximately denotes the average probability of a quark
and antiquark combining into a meson and CMi is the
branch ratio to Mi as q1q¯2 is destined to from a meson.
NM is total meson and Nqq¯ = NqNq¯ is the number of all
possible quark antiquark pairs for meson formation.
In this paper, we only consider the ground state JP =
0−, 1− mesons and JP = (1/2)+, (3/2)+ baryons in fla-
vor SU(3) group. For mesons
CMj =
{
1
1+RV/P
for JP = 0− mesons
RV/P
1+RV/P
for JP = 1− mesons,
(13)
where the parameter RV/P represents the relative pro-
duction weight of the JP = 1− vector mesons to that
of the JP = 0− pseudo-scalar mesons of the same flavor
composition; for baryons
CBj =
{
1
1+RD/O
for JP = (1/2)+ baryons
RD/O
1+RD/O
for JP = (3/2)+ baryons,
(14)
except that CΛ = CΣ0 = 1/(2 +RD/O), CΣ∗0 =
RD/O/(2 +RD/O), C∆++ = C∆− = CΩ− = 1. Here,
RD/O stands for the relative production weight of the
JP = (3/2)+ octet to the JP = (1/2)+ decuplet baryons
of the same flavor content. Here, RV/P is taken to be
0.45 by fitting the data of K∗/K ratios in pp collisions
at
√
s = 7 TeV and p-Pb collisions at
√
sNN = 5.02 TeV
[44] and RD/O is taken to be 0.5 by fitting the data of
Ξ∗/Ξ and Σ∗/Λ [45]. The fraction of baryons relative
to mesons is NB/NM ≈ 0.085 [18, 21, 43]. Using the
unitarity constraint of hadronization NM + 3NB = Nq,
NBi and NMi can be calculated using above formulas for
given quark numbers at hadronization.
We summarize the main underlying dynamics of this
working model. Constituent quarks and antiquarks are
assumed to be effective degrees of freedom of soft parton
system at hadronization. The combination of these con-
stituent quarks with equal velocity forms baryons and
mesons. This is similar to that in (constituent) quark
model, i.e., the summation of mass (and momentum)
of constituent quarks properly constructs the mass (and
momentum) of hadron. Model parameters RV/P and
RD/O contain unclear non-perturbative dynamics and
are obtained by fitting the relevant experimental data
and are assumed to be relatively stable in different colli-
sion systems or collision energies. Also, the normalization
of hadronization process is a prerequisite for quark com-
bination, e.g. NM + 3NB = Nq. Therefore, this working
model is different from those popular parton recombina-
tion/coalescence models [38, 39] which adopt the Wigner
wave function method under instantaneous hadronization
approximation.
B. Threshold effects in case of small quark
numbers
As quark numbers at hadronization are small, identi-
fied hadron production will suffer some threshold effects.
For example, baryon production is forbidden for events
4with Nq < 3. For events with Ns < 3, Ω
− baryon pro-
duction is forbidden. In pp collisions at LHC energies,
the event-averaged number of strange quarks 〈Ns〉 . 1
in mid-rapidity region (|y| < 0.5) for inelastic events and
not-too high multiplicity event classes. Therefore, the
yield of Ω− is no longer completely determined by the
average number of strange quarks but is strongly influ-
enced by the distribution of strange quark number. Sim-
ilar case for Ξ which needs two strange quarks, etc. Here
we use P ({Nqi} , {〈Nqi〉}) to denote the distribution of
quark numbers around the event averages, and obtain
the averaged multiplicity of identified hadrons,
〈Nhi〉 =
∑
{Nqi}
P ({Nqi} , {〈Nqi〉})Nhi (15)
where Nhi is given by Eqs. (9) and (10) and is the func-
tion of {Nqi}.
For simplicity, we assume flavor-independent quark
number distributions
P ({Nqi} , {〈Nqi〉}) =
∏
f
P (Nf , 〈Nf 〉) , (16)
where f runs over u, d, s flavors. Here we neglect the
fluctuation of net-charges and take Nf = Nf¯ in each
events. The distribution of u and d quarks is based on
the Poisson distribution Poi
(
Nu(d), 〈Nu(d)〉
)
. As afore-
mentioned discussion, we particularly tune strange quark
distribution. Because in minimum bias events and small
multiplicity classes in pp collisions 〈Ns〉 . 1 and Pois-
son distribution Poi (Ns, 〈Ns〉) in this case has a long
tail as Ns ≥ 3 which may over-weight the events with
Ns ≥ 3, we distort the Poisson distribution by a suppres-
sion factor γs, that is P (Ns, 〈Ns〉) = NPoi (Ns, 〈Ns〉)×
[γsΘ(Ns − 3) + Θ (3−Ns)] where Θ(x) is the Heaviside
step function and N is normalization constant. γs is
taken to be 0.8 in inelastic (INEL>0) events and various
multiplicity classes.
There are other possible effects of small quark num-
bers. For example, in events with Ns = Ns¯ = 1, be-
cause s and s¯ are most likely created from the same one
vacuum excitation and therefore they are not likely to
directly constitute color single-let and therefore φ pro-
duction in these events is suppressed. In addition, quark
momentum distributions are more or less dependent on
the quark numbers (in other words, system size) and we
neglect such dependence in events for the given multi-
plicity classes and its potential effects are studied in the
future works.
III. RESULTS IN INEL EVENTS
We apply the above working model to describe the
hadron production in the midrapidity range in pp col-
lisions. The quark momentum distribution function is
reduced to fq (p) = fq (pT , y) ≡ dNqdy f (n)q (pT ) with quark
number density dNq/dy and (azimuthal integrated, one
dimensional) quark pT spectrum f
(n)
q (pT ) ≡ dnq/dpT .
In the following text, Nq is also quoted as the number of
quark in the unit rapidity range |y| < 0.5. The notation
of hadrons is similar.
A. quark pT distribution at hadronization
Using the scaling properties in Eq. (3) and experimen-
tal data shown in Fig. 2, we can directly obtain the nor-
malized pT distribution of strange quarks at hadroniza-
tion, which can be parameterized in the form
f (n)q (pT ) = Nq (pT + aq)bq

1 +
√
p2T +M
2
q −Mq
nqcq


−nq
,
(17)
where Nq is the normalization constant and parameters
as = 0.15 GeV/c, bs = 0.649, ns = 4.14, Ms = 0.5GeV
and cs = 0.346. By fitting the data of other hadrons in-
volving the up/down quarks, we also obtain the pT dis-
tribution of up/down quarks at hadronization. The cor-
responding parameter are au = 0.15 GeV/c, bu = 0.355,
ns = 3.46, Ms = 0.33 GeV and cs = 0.358. In Fig. 3,
we plot f
(n)
u (pT ) and f
(n)
s (pT ) as the function of pT and
their ratio.
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Figure 3. The pT spectra of u and s quarks at midrapidity
and the ratio between them in inelastic (INEL>0) events in
pp collisions at
√
s = 13 TeV.
We emphasize that, by taking advantage of the quark
number scaling property, this is the first time we can
conveniently extract the momentum distributions of soft
quarks at hadronization from the experimental data of
hadronic pT spectra. The extracted quark pT spec-
tra carry important information of soft parton system
created in pp collisions at LHC energy. First, the ex-
tracted f
(n)
u (pT ) and f
(n)
s (pT ) deviate from Boltzmann
(or Fermi-Dirac) distribution in the low pT range. This
indicates that thermalization may be not reached for the
small parton system created in pp collisions at LHC. Sec-
ond, we see that the ratio f
(n)
s (pT ) /f
(n)
u (pT ), Fig. 3 (b),
increases at small pT and then saturates (only slightly
decreases) with pT . This property is similar to the ob-
servation in pp collisions at
√
s = 7 TeV [21] and in p-Pb
5collisions at
√
sNN = 5.02 TeV [17] and is also similar
to the observation in heavy ion collisions at RHIC and
LHC [46–48]. These information of constituent quarks
provides important constraint of developing more sophis-
ticated theoretical models of soft-parton system in high
energy collisions.
B. pT spectra of identified hadrons
In Fig. 4, we show the calculation results of iden-
tified hadrons proton, Λ, Ξ−, Ω−, φ and K∗0 in in-
elastic (INEL>0) events in pp collisions at
√
s = 13
TeV using the quark spectra in Fig. 3 and quark num-
bers 〈Nu〉 = 2.8 and 〈Ns〉 = 0.86 in midrapidity region
|y| < 0.5. Here isospin symmetry 〈Nu〉 = 〈Nd〉 is ap-
plied in pp collisions at LHC energies. Solid lines are
QCM results and symbols are (preliminary) data of AL-
ICE collaboration [27]. We see that the data can bell
fitted in general by QCM [49] . Our result of magnitude
(i.e, multiplicity) of K∗ is slightly smaller than the data.
If we multiply the result of K∗0 spectrum by an constant
factor and we will see the shape is in good agreement
with the data.
Besides the scaling property between the pT spectra of
Ω− and φ shown in the introduction (Sec. I), (p+ p¯) /φ
ratio as the function of pT can also give an intuitive
picture of microscopic mechanism of hadron production.
Proton and φ have similar masses but totally different
quark contents. In the central (0-10% centrality) Pb-Pb
collisions at
√
sNN = 2.76 TeV, the data of (p+ p¯) /φ
ratio, black squares in Fig. 5, are almost flat with re-
spect to pT . This flat ratio is usually related to sim-
ilar masses of proton and φ and is usually attributed
to the strong radial flow and statistical hadronization
under chemical/thermal equilibrium in relativistic heavy
ion collisions. However, data of (p+ p¯) /φ in inelastic
events in pp collisions at
√
s = 13 TeV, solid circles in
Fig. 5, show a rapid decrease with the increasing pT .
This is an indication of out of thermal equilibrium in pp
collisions. Quark content is an important factor in de-
scribing the shape of hadron pT distribution. We see that
the QCM result of (p+ p¯) /φ is in good agreement with
the data of pp collisions. Therefore, pp data are more
directly probe to the microscopic mechanism of hadron
production at hadronization.
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Figure 5. Ratio (p+ p¯) /φ as the function of pT in inelastic
events in pp collisions at
√
s = 13 TeV. Sold line is the re-
sult of QCM and symbols are (preliminary) data of ALICE
collaboration.
Hyperons Λ, Ξ0,− and Ω− contain one, two and three
s constituent quarks, respectively. Therefore, ratios Ξ/Λ
and Ω−/Ξ can reflect the difference in momentum distri-
bution between u(d) quark and s quark at hadronization.
Fig. 6 shows our prediction of ratios Ξ−/Λ and Ω−/Ξ−
as the function of pT in inelastic events in pp collisions
at
√
s = 13 TeV. We see that two ratios increase with pT
and then tend to saturate at intermediate pT ∼ 6 GeV,
which is directly due to the difference in quark pT spectra
shown in Fig. 3(b).
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Figure 6. Prediction of ratios Ξ−/Λ and Ω−/Ξ− as the func-
tion of pT at midrapidity in inelastic events in pp collisions at√
s = 13 TeV.
60 1 2 3 4 5 6 7
4−10
3−
10
2−10
1−10
pp + 
0 1 2 3 4 5 6 7
4−10
3−
10
2−10
1−10
)/2Λ + Λ(
0 1 2 3 4 5 6 7
5−
10
4−10
3−
10
2−10
+
Ξ + -Ξ
0 1 2 3 4 5 6 7
5−
10
4−10
3−
10
+
Ω + -Ω
0 1 2 3 4 5 6 7
4−10
3−
10
2−10
φ
0 1 2 3 4 5 6 7
4−10
3−
10
2−10
1−10
*0K+*0K
-
1
dy
)(G
eV
/c)
T
dN
/(d
p
-
1
dy
)(G
eV
/c)
T
dN
/(d
p
(GeV/c)Tp (GeV/c)Tp (GeV/c)Tp
Figure 4. The pT spectra of identified hadrons at midrapidity in inelastic (INEL>0) events in pp collisions at
√
s = 13 TeV.
Sold lines are results of QCM and symbols are (preliminary) data of ALICE collaboration [27].
IV. PREDICTIONS IN DIFFERENT
MULTIPLICITY CLASSES
Using the preliminary data of pT spectra of φ, proton
and K∗ in different multiplicity classes [50, 51], it is suf-
ficient to determine the pT spectra of constituent quarks
at hadronization. Fig. 7 shows the extracted quark
pT spectra (using the parameterized form Eq. (17)) at
midrapidity in different multiplicity classes. We see that
the quark pT spectra in high multiplicity classes tend to
be more similar to thermal behavior, which is related to
the increasing multiple parton interactions in these event
classes.
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Figure 7. The pT spectra of u and s quarks at midrapidity in
different multiplicity classes in pp collisions at
√
s = 13 TeV.
In Fig. 8, we show the fit of data of pT spectra of pro-
ton, φ and K∗0 [50, 51] using QCM and the prediction of
of other identified hadrons in different multiplicity classes
in pp collisions at
√
s = 13 TeV. Note that classes IV and
V are combined for theK∗0 data and the same for ourK∗
results. Beside directly comparing the prediction of single
hadron spectra with the future data, we emphasize that
QCM can be more effectively tested by some spectrum
ratios and/or scaling. The first is to test whether the scal-
ing property between the pT spectrum of Ω
− and that of
φ holds for the data in different multiplicity classes. The
second is to study the ratio Ω−/φ as the function of pT .
Ω−/φ ratio in QCM is solely determined by the strange
quark pT spectrum at hadronization and the ratio usu-
ally exhibits a nontrivial pT dependence, as shown in Fig.
9(a), which is a typical behavior of Baryon/Meson ratio
in QCM and is absent or unapparent in the traditional
fragmentation picture. We also see that the ratio Ω−/φ
in higher multiplicity classes can reach higher peak val-
ues than that in relatively low multiplicity classes and
the peak position of Ω−/φ in higher multiplicity classes
is also enlarged in compared with that in low multiplicity
classes. The third is to study p/φ ratio as the function
of pT to clarify the pT dependence is flavor originated
or mass originated? Results of QCM is shown in Fig.
9(b) which decrease with pT and show relatively weak
multiplicity dependence.
In Fig. 10, we show the pT -integrated yields of identi-
fied hadrons in different multiplicity classes and compare
them with the preliminary data in pp collisions at
√
s =
13 TeV [51, 52]. In general, results of QCM, solid lines,
are in good agreement with the data (with maximum de-
viation about 10%). Yield ratios of different hadrons
can significantly cancel the dependence of model param-
eters and/or model inputs. Therefore, they are more di-
rect test of the basic physics of the model in confronting
with the experimental data. In Fig. 11, we show the
yield ratios of hyperons Ω−, Ξ− and Λ to pions divided
by the values in the inclusive INEL>0 events. Data of
pp collisions at
√
s = 7 [5] and 13 TeV [51] and those
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Figure 8. The pT spectra of identified hadrons at midrapidity in different multiplicity classes in pp collisions at
√
s = 13 TeV.
Sold lines are results of QCM and symbols are (preliminary) data of ALICE collaboration [50, 51].
of p-Pb collisions at
√
sNN = 5.02 TeV [53, 54] are all
presented in order to get a visible tendency with respect
to multiplicity of charged particles at mid-rapidity. Solid
lines are numerical results of QCM, which are found to
be in agreement with the data. We emphasize that such
strangeness-related hierarchy behavior is closely related
to the strange quark content of these hyperons during
their production at hadronization, which can be under-
stood easily via an analytical relation in QCM. Taking
yield formulas Eqs. (9), (11) and considering the strong
and electromagnetic decays, we have
NΩ ≈ λ
3
s
(2 + λs)
3NB, (18)
NΞ ≈ 3λ
2
s
(2 + λs)
3NB, (19)
NΛ ≈
(
2 + 0.88RD/O
2 +RD/O
+ 0.94
RD/O
1 +RD/O
)
6λs
(2 + λs)
3NB,
(20)
≈ 7.73λs
(2 + λs)
3NB,
where we neglect the effects of small quark numbers
and adopt the strangeness suppression factor λs =
〈Ns〉/〈Nu〉. Because of complex decay contributions,
pion yield has a complex expression [55] and here we can
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Figure 9. Prediction of ratios Ω−/φ and p/φ as the function
of pT at midrapidity in pp collisions at
√
s = 13 TeV.
write Npi = api〈Nq〉 with coefficient api being a almost
constant. Then the double ratios in Fig. 11 have simple
approximate expressions
NΩ
Npi
/
(
NΩ
Npi
)pp
INEL>0
≈ λ
3
s
(2 + λs)
3 /
λ
′3
s
(2 + λ′s)
3 , (21)
NΞ
Npi
/
(
NΞ
Npi
)pp
INEL>0
≈ λ
2
s
(2 + λs)
3 /
λ
′2
s
(2 + λ′s)
3 , (22)
NΛ
Npi
/
(
NΛ
Npi
)pp
INEL>0
≈ λs
(2 + λs)
3 /
λ
′
s
(2 + λ′s)
3 , (23)
where λ
′
s is the strangeness suppression factor in INEL>0
events in pp collisions. The dotted lines in Fig. 11 are
results of above analytic formulas with a parameterized
strangeness λs = λ
′
s
[
1 + 0.165 log
(
〈dNch/dη〉|η|<0.5
6.0
)]
with λ
′
s = 0.31. We see that the experimental data
of these double ratios as 〈dNch/dη〉|η|<0.5 & 10 can be
correctly described by analytical formulas Eqs. (21-23).
In small multiplicity classes 〈dNch/dη〉|η|<0.5 . 6 finite
quark number effects are not negligible and the analytic
approximation is larger than the experimental data to a
certain extent. Our numerical results have included finite
quark number effects and are found to be more close to
the data.
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Figure 11. Yield ratios to pions divided by the values in the
inclusive INEL>0 events. Data of pp collisions at
√
s = 7
[5] and 13 TeV [51] and in p-Pb collisions at
√
sNN = 5.02
TeV [53, 54] are presented. Sold lines are numerical results of
QCM and dotted lines are analytic approximation in QCM.
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√
s = 13 TeV, solid
squares, and in p-Pb collisions at
√
sNN = 5.02 TeV, solid
circles, are taken from Refs. [51, 56]. The solid line is the
result of QCM.
Yield ratio Ξ/φ is also influenced by the small quark
number effects. If we neglect small quark number effects,
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Figure 10. Yield densities of identified hadrons at midrapidity in different multiplicity classes in pp collisions at
√
s = 13 TeV.
Sold lines are results of QCM and symbols are (preliminary) data of ALICE collaboration [51, 52].
we have
Nφ ≈
RV/P
1 +RV/P
λ2s
(2 + λs)
2NM (24)
and using Eq. (19) we get the ratio
NΞ +NΞ¯
Nφ
= 2
1 +RV/P
RV/P
3
2 + λs
RB/M ≈ 1.7
2 + λs
, (25)
which slightly decreases with the increase of λs and there-
fore will slightly decrease with the increase of multiplicity
〈dNch/dη〉 because λs increases with 〈dNch/dη〉. This is
in contradiction with the experimental data. However,
considering small quark number effects in QCM will pre-
dict the correct behavior of the ratio Ξ/φ, see the solid
line in Fig. 12. The formation of Ξ− needs not only two
s quarks but also a d quark, which is different from the
formation of φ needing only a s and a s¯. Therefore, in
events of small multiplicity or small quark numbers, the
formation of Ξ− will be suppressed to a certain extent (or
forbidden occasionally) due to the need of one more light
quark, in comparing with the formation of φ. We see that
the calculated ratio Ξ/φ using QCM increases with sys-
tem multiplicity 〈dNch/dη〉 and the increased magnitude
of the ratio is consistent with the experimental data of
pp collisions at
√
s = 13 TeV and those of p-Pb collisions
at
√
sNN = 5.02 TeV [51, 56].
V. SUMMARY
We observed that the midrapidity data of pT spectra of
Ω− and φ in inelastic events (INEL>0) in pp collisions at√
s = 13 TeV exhibit a constituent quark number scaling
property. This is an important signal of the quark com-
bination mechanism at hadronization in pp collisions at√
s = 13 TeV. We applied the quark combination model
with equal velocity approximation to understand the ex-
isting preliminary data of yields and pT spectra of soft
strange hadrons in minimum bias events (INEL>0) and
in different multiplicity classes. We find the model can
well describe the existing preliminary data observed by
ALICE collaboration. We also find other signals of quark
combination hadronization. One signal is the p/φ ratio
as the function of pT and the other is yield ratios Λ/pi,
Ξ−/pi and Ω−/pi divided by the values in minimum bias
events as the function of system multiplicity 〈dNch/dη〉 at
midrapidity. These signals are mainly related to the hi-
erarchy behavior caused by strange quark content during
the production of those hadrons at hadronization. There-
fore, our results suggest that the constituent quark de-
grees of freedom play an important role at the hadroniza-
tion of small quark/parton system created in pp collisions
at
√
s = 13 TeV.
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